Objective: To investigate the possible role of osteoprotegerin (OPG) in bone metabolism in humans by measuring serum levels of OPG in ®ve well-characterized patient populations with known or suspected pathology in bone homeostasis, but with differences in the pathogenesis of these disturbances. Design: The study comprised 34 patients with Cushing's syndrome (CS), 24 acromegalic patients, 16 patients with growth hormone de®ciency (GHD), 29 HIV-infected patients, 25 patients with common variable immunode®ciency (CVI) and 59 age-and sex-matched healthy controls (CTR). Methods: Serum levels of tumor necrosis factor (TNF)-a, OPG, C-terminal telopeptides of Type-I collagen (CTX-I) and osteocalcin were determined in all study subjects as well as cortisol (CS and CTR) and IGF-I (acromegaly, GHD and CTR). Results: OPG levels were signi®cantly elevated in both CVI (median increase ,32%, P , 0X05 and HIV-infected patients with especially high levels in the latter group (,52%, P , 0X001Y signi®cantly correlated with increased TNFa levels r 0X47Y P , 0X02X Also CS patients had elevated serum OPG (,24%, P , 0X01Y signi®cantly correlated with increased serum cortisol r 0X35Y P , 0X05X In contrast, OPG levels in acromegalic and GHD patients were not different from healthy controls. No relationships were found between OPG levels and CTX-I or osteocalcin. Conclusions: These ®ndings suggest that enhanced OPG levels may be a compensatory response to enhanced osteoclast activity or negative bone remodeling balance in some conditions, but may also be a parameter of enhanced activity in the OPG system possibly correlated to enhanced activity of other members of the TNF family.
Introduction
An integrated network of hormones, growth factors and cytokines regulates the balance between bone resorption and bone formation. Although proin¯am-matory cytokines such as interleukin (IL)-1, tumor necrosis factor (TNF)-a, IL-6 and IL-11 are potent inducers of osteoclastic bone resorption in vitro, their effects on osteoclast formation and activity are dependent on the presence of osteoblastic stromal cells (1±3). This indicates that osteoblasts may couple bone formation and resorption through effects on osteoclasts, possibly mediated by locally produced factors. Recently, osteoprotegerin (OPG), and its cognate ligand, receptor activator of NF-kB ligand (RANKL), have been identi®ed as candidate factors in the paracrine signaling between osteoblasts and osteoclasts (4) . OPG is a member of the TNF receptor superfamily (5, 6) which acts as a soluble receptor that inhibits osteoclast differentiation by binding RANKL and competitively inhibiting interaction between RANKL and its receptor, RANK, on the osteoclast surface (4) . Thus, overexpression of OPG in transgenic mice resulted in severe osteopetrosis with a marked decrease in trabecular osteoclasts (5) , while OPG knock-out mice developed severe osteoporosis (7, 8) , and it has been suggested that effects of various hormones and cytokines on osteoclastogenesis may depend on the balance between OPG and RANKL.
Although extensive research has been directed against the effects of OPG in cell cultures and various animal models, the role of circulating OPG in humans is virtually unknown. In fact, except for a report of high circulating OPG levels in postmenopausal women with osteoporosis, it is not known how OPG levels change under various pathological conditions. To further elucidate the possible role of OPG in bone metabolism in humans, in the present study we measured serum levels of OPG in ®ve well-characterized patient populations, all with known or suspected pathology in bone homeostasis, but with differences in the pathogenesis of these disturbances.
Materials and methods

Study population
A total of 187 individuals were included in the present investigation ( Table 1) . The study population consisted of ®ve different well-characterized patient populations and one group of healthy controls. Of the patient groups, three had disturbed bone metabolism related to a primary endocrine disorder and two were immunologic disorders with known or suspected disturbances in bone homeostasis.
Endocrine disorders This group compromised 74 patients: 34 with endocrine Cushing's syndrome (CS), 24 with acromegaly and 16 with growth hormone (GH) de®ciency (GHD). CS was diagnosed based on typical history and objective ®ndings of CS. The diagnosis was con®rmed by abnormal diurnal rhythm of serum cortisol, resistance to conventional 2-days dexamethasone suppression test, and elevated 24-h urine free cortisol level. Acromegaly was de®ned by non-suppressible serum levels of GH (.5 mU/l) by oral glucose tolerance test. All patients had clinically active disease and had not been treated previously. GHD was de®ned in a clinical context by a maximal GH peak of less than 7 mU/l after an insulin tolerance test (blood glucose ,2.2 mmol/l and/or a 50% reduction of initial blood glucose). GHD was acquired in adulthood (.18 years old) and was likely to have existed for at least 24 months. All patients had de®ciencies of other pituitary hormones and received stable replacement therapy for at least 6 months before blood sampling.
Immunologic disorders
We have recently demonstrated indication of disturbed bone metabolism in human immunode®ciency virus (HIV)-infected patients (9) and in patients with common variable immunode®ciency (CVI) (10) . Both groups of patients are characterized by a persistent immune activation in vivo particularly in the TNF system (11, 12) , and we have suggested that the disturbed bone homeostasis in these patients is related to enhanced TNF activity (9, 10). The HIV-infected patients n 29 were clinically classi®ed according to criteria from Centers for Disease Control and Prevention (CDC): 7 patients as asymptomatic HIV-infected patients (CDC group A), 7 patients as symptomatic non-AIDS patients (CDC group B) and 15 as AIDS patients (CDC group C) (13) . Seventeen patients received antiretroviral therapy (12 zidovudine, 1 didanosine and 4 zidovudine in combination with lamivudine), but none received protease inhibitorcontaining regimes. Seventeen received Pneumocystis carinii prophylaxis (2 aerosolized pentamidine, 10 dapsone and 5 trimetoprim-sulfametoxazole). CVI n 25 was de®ned as previously described (14, 15) . All patients had severely reduced serum immunoglobulin G (IgG) levels in at least two samples and experienced recurrent sinopulmonary infections before Ig treatment. At the time of the study all patients had been treated with subcutaneous self-administered Ig for a minimum of 12 months, and all had IgG levels .5.0 g/l during the last 3 months before blood collection. We have previously de®ned a subgroup of CVI patients (CVI Hyper ) characterized by persistent immune activation in vivo, low numbers of CD4 + T cells in peripheral blood, and increased occurrence of splenomegaly compared with other CVI patients (CVI Norm ) (12, 16) . Classifying patients in the present study accordingly, 13 were classi®ed as CVI Hyper and 12 as CVI Norm .
At the time of the study, none of the patients had any signs of symptoms of acute or exacerbation of chronic infections. All patients had serum creatinine ,100 mmol/l and alanine aminotransferase levels ,50 U/ml. None of the patients had any recent history of extended bed rest and none was abusing drugs or alcohol. 
Healthy controls Fifty-nine healthy blood donors were recruited as controls. The group was comprised of 30 men (median age 42 years, range 30±64 years) and 29 women (median age 44 years, range 23±66 years) ( Table 1 ).
Blood sampling protocol
Blood samples for the study were drawn between 0800 and 1000 h after an overnight fast. Peripheral venous blood was drawn into sterile vacuum blood collection tubes without any additives (Becton Dickenson, San Jose, CA, USA). The tubes were immediately immersed in melting ice and allowed to clot for ,1 h before centrifugation at 1000 g for 10 min. Serum was collected and stored at 280 8C in multiple aliquots until analysis, and was thawed only once.
Analysis of osteoprotegerin
Serum levels of OPG were quanti®ed by enzyme immunoassay (EIA) using commercially available matched antibodies (R&D Systems, Minneapolis, MN, USA). Brie¯y, wells were coated overnight with monoclonal mouse anti-human OPG antibody (clone 69127.11; 1 mg/ml in sterile phosphate-buffered saline (PBS)). Standard was recombinant OPG (R&D Systems; 15.6±2000 pg/ml). Subsequent steps included biotinylated polyclonal goat anti-human OPG (100 ng/ml), streptavidin horseradish peroxidase (R&D systems; 1:200), and tetramethylbenzidine as substrate (R&D systems). Assay buffer was fetal calf serum (Myoclone; Gibco, Paisley, Strathclyde, UK) and 0.1% bovine serum albumin in PBS mixed 1:1 as recommended by the supplier. The mean recovery of two samples spiked with different concentrations of recombinant OPG was 93%, range 78±101%. The intra-and interassay coef®cients of variation were 3.6% and 10.6% respectively. The sensitivity, de®ned as the mean^3s.d. of the zero standard, was calculated to be 15 pg/ml. Serial dilution of two samples 1:1±1:8 gave a recovery of 126% and 127% at dilution 1:8.
Miscellaneous
Osteocalcin was measured by immunoradiometric assay (Incstar Corporation, Stillwater, MI, USA). The assay measures intact osteocalcin 1±49. Degradation products of the C-terminal telopeptides of Type-I collagen (CTX-I) were measured in serum with a commercial EIA (Crosslaps; Osteometer BioTech A/S, Herlev, Denmark) (17). Insulin-like growth factor-I (IGF-I; Nichols Institute Diagnostics, San Juan Capistrano, CA, USA) and cortisol (Orion Diagnostica, Epsoo Finland) were measured by radioimmunoassay. TNFa was quanti®ed by EIA (detection limit 3 pg/ml; BioSource Europe, Nivelles, Belgium) as described (12) . CD4 + T cell counts in peripheral blood and HIV RNA copies in plasma (viral load) were measured as previously described (11) . The intra-and interassay coef®cients of variation were ,10% for all assays.
Statistical analysis
Comparisons between variables were performed by Mann±Whitney rank sum test for unpaired data. Relationships between variables were tested using Spearman's rank correlation test and the level of signi®cance was set at P , 0X05X Percent differences between groups in the text are based on medians.
Results
The clinical characteristics of patients and controls are summarized in Table 1 . As previously reported (18), while CS patients had increased CTX-I and decreased osteocalcin levels with no correlation between these parameters suggesting uncoupled bone remodeling, both these parameters were markedly elevated and positively correlated in acromegalic patients. In contrast, GHD patients had decreased CTX-I and osteocalcin levels that tended to correlate, indicating a coupled low turnover state. As for the`immunologic disorders', HIV-infected patients had decreased osteocalcin and normal CTX-I levels with no correlation between these parameters, while CVI patients had increased CTX-I and no changes in osteocalcin levels with a positive correlation between these two parameters, possibly re¯ecting differences in bone-remodeling synchronization between these two groups of patients (9, 10). Finally, while CS patients had TNFa levels within normal limits only a modest, but signi®cant, increase was seen in acromegalic and GHD patients, TNFa levels were markedly elevated in both CVI and HIV-infected patients.
Serum levels of OPG in endocrine disorders
Although there was a large variation, patients with CS had signi®cantly increased serum levels of OPG compared with healthy controls (Fig. 1) , with higher levels in women than in men (data not shown). Moreover, OPG was signi®cantly correlated with increased cortisol levels in these patients (Fig. 2) . In contrast, OPG levels in acromegalic and GHD patients were not different from healthy controls (Fig. 1) . We found no correlations between OPG and TNFa or markers of bone metabolism in CS, GHD or acromegalic patients (Table 2) .
Serum levels of OPG in HIV-infected and CVI patients
In contrast to the endocrine disorders, both immunologic disorders had raised OPG levels compared with healthy controls, with particularly high levels in HIVinfected patients (,52% increase, Fig. 1 ). Moreover, in Serum OPG in disturbed bone homeostasis both these groups of patients, OPG was positively correlated with TNFa levels, although the correlation in the CVI group did not reach statistical signi®cance (Table 2 and Fig. 2) . No relationships were found between OPG and CDC classi®cation, CD4 + T cell counts, viral load (HIV-infected patients) or the CVI Hyper group (CVI patients) (data not shown). However, while there was no correlation between OPG and TNFa in CDC group A r 0X09 and B r 0X27Y this correlation was highly signi®cant in the AIDS group (CDC group C, r 0X67Y P 0X007X Similarly, while OPG and TNFa were uncorrelated in the CVI Norm group r 20X17Y this correlation was highly signi®cant in the CVI Hyper subgroup r 0X73Y P 0X005X Except for a weak correlation between OPG and CTX-I in HIV-infected patients, no correlations were found between OPG and serum markers of bone turnover in either HIV-infected or CVI patients.
No correlations were found between OPG and age in either controls or any of the patient populations as a whole, also when assessed in men and women separately.
Discussion
To investigate the possible role of circulating OPG in bone metabolism, in the present study we have measured serum OPG levels in patients with different disturbances in their bone homeostasis. The patient populations were chosen on the basis of the distinct groups they represent regarding osteoclastic±osteoblas-tic interaction (coupling), bone turnover, and the systemic agents mediating the abnormal effects on their skeletal metabolism.
A major ®nding in the present study was the elevated OPG levels in both CVI and HIV-infected patients with especially high levels in the latter group. Moreover, in these patients, high OPG levels were signi®cantly correlated with high TNFa levels, with a particularly strong correlation in those with advanced disease (AIDS patients) and those with the most pronounced immune activation in vivo (CVI Hyper ). Interestingly, recent in vitro studies have shown that TNFa is a potent stimulator of OPG mRNA and protein levels in human osteoblastic cells (19, 20) . Moreover, CD40L, another member of the TNF family with enhanced activation during HIV infection (21) , may also enhance OPG levels (22) . Thus, it is possible that the raised OPG Figure 1 Serum levels of OPG in 29 HIV-infected patients, 25 patients with CVI, 34 patients with CS, 24 acromegalic patients, 16 patients with GHD and 59 healthy controls (CTR). Data are given as medians and 25th to 75th percentiles. *P , 0X05Y **P , 0X01Y ***P , 0X001 versus controls (Mann±Whitney rank sum test).
levels in CVI and HIV-infected patients may re¯ect enhanced immune activation in these patients, particularly in the TNF system. In addition to HIV-infected and CVI patients, CS patients also had raised OPG levels compared with healthy controls. However, in contrast to patients with immunologic disorders, CS patients had TNFa levels within normal limits and with no correlation between OPG and TNFa. Moreover, although recent experiments have shown that glucocorticoids decrease OPG and increase RANKL production in human osteoblastic cell lines in vitro (23, 24) , and decrease circulating OPG in humans during short-term treatment (25), we found a positive correlation between cortisol and OPG in CS patients. However, the outcome of short-time in vivo gluocorticoid administration may not necessarily re¯ect the situation in CS patients with persistently elevated cortisol levels over several months or years. Nonetheless, one possibility is that the increased serum OPG levels found in CS may re¯ect a compensatory response to increased bone resorption in these patients, as has been suggested in postmenopausal osteoporosis (26) . In fact, it is possible that enhanced OPG levels may represent a negative feedback mechanism in disorders with enhanced osteoclastic activity.
However, acromegalic patients with markedly elevated CTX-I concentrations had normal OPG levels, indicating that enhanced OPG levels do not seem to be a uniform response to enhanced osteoclastic activity. Although, in contrast to CS, acromegalic patients, at least in cortical bone, have a positive remodeling balance (27, 28) and if raised OPG levels re¯ect a compensatory response to a negative remodeling balance, such a stimuli may be lacking in these patients. Also in GHD with a state of low bone turnover, OPG levels were within normal limits, suggesting that enhanced OPG activity may not play a pathogenic role in the inhibition of osteoclast activity in these patients. Thus, both patients with high (acromegalic) and low (GHD) GH/IGF-I levels had normal OPG levels, supporting a recent in vitro study suggesting no effect of IGF-I on OPG production in osteoblasts (29) .
While enhanced OPG levels may re¯ect a compensatory response to enhanced osteoclast activity in some groups of patients, other explanations may also exist. When evaluating the TNF system in serum, enhanced levels of soluble TNF receptors seems to better re¯ect enhanced TNF activity than measurements of TNFa itself (11) . TNFa may enhance the production of both OPG and RANKL (19, 20, 30) and it is possible that, rather than re¯ecting enhanced inhibition of RANKL, the enhanced OPG levels may be a parameter of enhanced activity and turnover in the OPG system. In fact, to fully evaluate the OPG system in humans, RANKL levels and the expression of RANK will also have to be determined. Furthermore, both the source and signi®cance of circulating OPGs are largely unknown and serum levels may not necessarily re¯ect the cytokine levels in the bone microenvironment. Nonetheless, Bekker et al. (31) recently showed that a single dose of OPG given to postmenopausal women profoundly reduced bone turnover for a sustained period, suggesting some biological effects on bone metabolism of circulating OPG.
It should be mentioned that while most studies have found an age-dependent increase of OPG, possibly representing a compensatory mechanism against agedependent bone loss, this was not found in the present study. In the study by Yano et al. (26) , the largest agerelated increment was found in patients .60 years, while only a minor increase was observed for the younger age groups. Since the range of our control group was 23±66 years this could explain why the present study failed to discern such a relationship.
While enhanced OPG levels may be a compensatory response to enhanced osteoclast activity or negative bone remodeling balance, raised OPG levels may also be Serum OPG in disturbed bone homeostasis a parameter of enhanced activity in the OPG system, possibly correlated to enhanced activity of other members of the TNF family. Further studies are needed to clarify the role and regulation of OPG in human disease and such studies should also include other members of the OPG system.
